Reproductive management in cattle requires the synchrony of follicle development and oestrus 14 prior to insemination. However, the ovulation of follicles that have not undergone normal 15 physiological maturation can lead to suboptimal luteal function. Here we investigated the 16 expression of a targeted set of 47 genes in (a) a first-wave vs final-wave dominant follicle (DF; 17 the latter destined to ovulate spontaneously), and (b) 6-day old corpora lutea (CLs) following 18 either spontaneous ovulation, or induced ovulation of a first-wave DF, to ascertain their 19 functional significance for competent CL development. Both the mass and progesterone 20 synthesising capacity of a CL formed following induced ovulation of a first-wave DF were 21 impaired. These impaired CLs had reduced expression of steroidogenic enzymes (e.g. STAR and 22 HSD3B1), luteotrophic receptors (LHCGR) and angiogenic regulators (e.g. VEGFA), and 23 increased expression of BMP2 (linked to luteolysis). Relative to final-wave DFs, characteristic 24 features of first-wave DFs, included reduced oestradiol concentrations and a reduced 25 oestradiol:progesterone ratio in the face of increased expression of key steroidogenic enzymes 26 (i.e. CYP11A1, HSD3B1 and CYP19A1) in granulosa cells; and reduced expression of the HDL 27 receptor SCARB1 in thecal cells. Transcripts for further components of the TGF and IGF systems 28 (e.g. INHA, INHBA, IGF2R and IGFBP2) varied between first-and final-wave DFs. These results 29 highlight the importance of hormones such as progesterone interacting with local components of 30 both the TGF and IGF systems to affect the maturation of the ovulatory follicle and functional 31 competency of the subsequent CL.
treatment. Animals were group housed on straw bedding and given ad libitum access to water and 84 hay. Mineralised concentrates were given twice daily at a rate of 5 kg per animal per day, rising 85 to 6 kg as the animals gained weight in line with their metabolisable energy and protein 86 requirements (AFRC, 1993) . All procedures were performed under the auspices of the Animal 87 Scientific Procedures Act (1986) and approved by the University of Nottingham ethical review 88 committee. 89 Oestrous cycles were synchronised initially using two intra-muscular prostaglandin (PG) 90 injections (2 ml Estrumate; Intervet UK Ltd., Milton Keynes, UK) given 11 days apart. An intra-91 muscular injection of GnRH (2.5 ml Receptal; Intervet UK Ltd., Milton Keynes, UK) was given 92 48 hours after the initial dose of PG ( Figure 1 ). Timing of ovulation was confirmed by transrectal 93 real time B-mode ultrasonography using an Aloka SSD-500v scanner (Aloka Co. Ltd., Tokyo, 94 Japan) equipped with a 5-MHz linear array on nominal Day -1 and +1 of the anticipated day of 95 ovulation. We (Sinclair and Mann, unpublished data) have previously observed that trans-rectal 96 ovarian ultrasonography on the expected day of ovulation can delay or inhibit this event in some 97 animals. Heifers in group A were slaughtered on Day 6 after synchronised ovulation (Day 0) to 98 recover a first-wave DF and a 6-day old, spontaneous CL. Animals in group B were given 5 ml 99 GnRH and 2 ml PG on Day 6 to cause ovulation of the first-wave DF and regression of the 100 spontaneous CL, then slaughtered on Day 13 to retrieve a 6-day old, induced CL and a DF. (Table 1A) known to regulate DF and CL function was quantified using 159 the GenomeLab GeXP Genetic Analysis System (Beckman Coulter Inc., High Wycombe, UK). 160 This method utilises gene specific primers that have a universal sequence tag. Forward universal 161 primers within the PCR buffer are fluorescently labelled, allowing detection and quantification of 162 up to 30 size separated products within a single PCR reaction (Wu et al., 2008; Rai et al., 2009) . 163 Transcripts were divided arbitrarily between two multiplex reactions. Due to the size and relative 164 importance of the LHCGR transcript in ovulation and luteinisation, a separate multiplex reaction 165 was designed to amplify several regions of the mRNA (Table 1b) . 166 RT-PCR reactions were performed using reagents (including an internal standard) and software 167 provided by Beckman Coulter Inc. (High Wycombe, UK). For each of three different multiplex 
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In support of the transcript data that emerged from this study, and given that the follicular fluids Schleicher & Schuell). Membranes were incubated for 60 min at 21 o C with blocking solution 203 (PBS, pH 7.4 with 0.05% Tween-20 and 3% non-fat milk powder) and then incubated overnight 204 at 4 o C in the same solution containing the specific primary antiserum (rabbit anti-IGFBP-2,
205
Upstate Biotechnology) diluted 1:1500. The membranes were washed three times with PBS-
206
Tween and then incubated with HRP-labelled anti-rabbit IgG (BioRad) diluted 1:25000 in 207 blocking solution for 60 min at 21 o C. Membranes were washed twice for ten minutes with PBS- of synchrony subsequently failed to ovulate at Day 0 ( Figure 1A ), so this animal was removed 233 from any further analysis. All other animals ovulated between 11 am on Day -1 and 11 am on 234 Day +1 as expected, and diameter of the ovulatory follicle (i.e. its last recorded diameter as 235 determined by ultrasound scanning) did not differ between groups (mean ± SEM of 13.4 ± 2.62 236 mm). Similarly, DF and CL diameter on Day 5 did not differ between groups (mean values of 237 11.6 ± 2.02 mm and 18.7 ± 4.32 mm respectively). Plasma P4 concentrations were also found not 238 to differ between groups prior to Day 6 ( Figure 1B ). Of the seven animals remaining in Group B, 239 all underwent luteal regression, resulting in a decrease in plasma P4 ( Figure 1B) , and ovulated 240 between 11 am on Day 6 and 11 am on Day 8. Response to GnRH was supported by an 241 immediate increase (P<0.001) in plasma LH (from 1.0 ± 0.64 pg/ml at the time of GnRH 242 administration to 8.7 ± 0.83 ng/ml two hours later), followed by disappearance of the DF within 243 48 h. Ovulatory-follicle diameter was compared between the initial, synchronised ovulation 244 (Groups A, B and C; Day 0) and induced ovulation (Group B; Day 7), but no significant 245 difference was detected (13.4 vs 12.0 mm (P=0.09) measured on Days -1 and 6 respectively;
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Supplementary Figure 3A ). Furthermore, when it came to slaughter there was no difference in DF 247 diameter between groups (Table 2A ). However, CLs collected from Group B at slaughter were 248 smaller (P = 0.021) and weighed less (P = 0.049) than those collected from group A (Table 2A) .
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Of the 8 heifers in Group C, 3 had a two-wave cycle, 4 had a three-wave cycle, and one had a 250 four-wave cycle. For DFs at slaughter in these animals, the time interval from initial visualisation 251 (≤ 2 mm) to slaughter was 8.25 ± 0.48 vs 6.0 ± 0.57 days (P = 0.024) for two-and three-wave 252 cycles respectively. There was no significant difference in diameter of the DF between two-vs 253 three-wave cycles (15.5 ± 1.29 vs 14.0 ± 2.16 mm). Similarly, there was no difference in FF 254 steroid concentrations between these two groups (E2: 402 ± 172 vs 412 ± 156 ng/ml. P4: 69 ± 13 255 vs 83 ± 46 ng/ml). Total P4 content (amount of P4 per CL), P4 production (amount of P4 produced per unit of tissue 258 cultured = P4 tissue + P4 media -P4 initial tissue ) and P4 synthetic capacity (P4 production corrected for 259 total CL weight) were greater (P = 0.035, < 0.001 and < 0.001 respectively) for Group A than for 260 either Groups B or C (Table 2A ). Furthermore analyses indicated that diameter of the follicle 261 destined to ovulate was positively (P = 0.001) correlated with diameter of the resulting CL six 262 days after ovulation for DFs scanned on Day -1, but not for DFs scanned on Day 6 (i.e. Group B) 263 (Supplementary Figure 3A) . However, diameter of the resulting CL was not correlated with its P4 264 synthetic capacity for either Group A or B treatments (Supplementary Figure 3B ), indicating that 265 size of these structures alone does not explain CL functionality. 267 As one might expect, follicular-fluid P4 concentration was greater (P<0.05) in small follicles than 268 in DFs, and E2 concentration was greater (P < 0.001) in DFs than in small follicles (Table 2B) .
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CL progesterone producing capacity
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Follicular fluid hormone concentrations
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There was a strong indication (P = 0.058) that P4 concentrations were greater in small follicles In granulosa cells, expression of INHA, INHBA, CYP11A1, CYP19A1, ESR2, HSD3B1, HIF1A 283 and PGF2AR was greater (P < 0.05) in Group A (first wave DF) than Group C (final wave DF) 284 (Table 3A) . In thecal cells, expression of IGF2R, IGFBP2, SCARB1 and PTPRC was lower (P < 285 0.05) for Group A than for Group C (Table 3B) . Interestingly, thecal cell SCARB1 expression was 286 lower (P < 0.05) in Group A than Group B, and expression of PGF2AR was only detectable in 287 thecal cells from Group B (data not shown). LHCGR splice variant expression within granulosa 288 and also thecal cells of the DF did not differ with stage of the oestrous cycle.
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Many more of our selected transcripts were differentially expressed in the CL (Table 4 ) than in 290 either granulosa or thecal cells (Table 3) . For the CL, the greatest differences in transcript 291 expression were between Groups A and C; transcript expression for Group B often was 292 intermediate to these contrasting levels. Given that the comparison of particular interest lies 293 between Groups A and B, it is noteworthy that BMP2 and IGFBP5 expression was lower in CLs 294 from Group A than from Group B. In contrast, expression of IGFBP4, HSD3B1, STAR, KITLG, 295 GADD45B, VEGFA, PGF2AR, LHCGRex2, -ex2(-3), -ex8 and -ex8(-9) was greater for Group A 296 than Group B.
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Plasma IGF1 concentration 298 At Day 0 (see Figure 1 ), plasma IGF1 concentration was 148 ± 47 ng/ml and did not differ 299 between treatment groups. At the point of slaughter, however, plasma IGF1 was significantly 300 lower (P = 0.001) in heifers from Group A than from Groups B and C ( Figure 2 ). 302 In granulosa cells harvested from cycle-stage determined abattoir-derived ovaries, relative 303 expression of IGF2R and IGFBP2 was greater (P = 0.004) in cells from early follicular-phase 304 (similar to Group C) than early luteal-phase (similar to Group A) dominant follicles (0.267 ± 305 0.022 vs 0.188 ± 0.018 for IGF2R; 0.631 ± 0.060 vs 0.353 ± 0.050 for IGFBP2). In agreement Importantly, given that background plasma and follicular-fluid P4 levels were similar between 332 Groups A and B ( Figure 1B and Table 2B ), it is noteworthy that transcript expression for a range 333 of genes in granulosa and thecal cells from both Groups A and B were also similar, highlighting 334 the importance of P4 as a regulator of follicular maturation. Finally, it is also worth noting the 335 differences in transcript expression of IGF2R and IGFBP2 in both granulosa and thecal cells, and 336 protein expression of IGFBP2 in follicular fluid, between first-and final-wave DFs (i.e. Group A 337 vs Group C). These were consistently lower in first-relative to final-wave DFs, when circulating 338 levels of IGF1 were also at their lowest ( Figure 3 ). These differences seem to be of key 339 significance given that these IGF family members each serve to regulate the bioavailability of 340 both IGF-1 and -2 within the ovarian follicle (Webb and Campbell, 2007) . However, the issue of 341 proximity to PG administration cannot be discounted. Indeed, PGF2AR expression was lower in 342 Group C ovarian cells (i.e. granulosa and luteal) than in Group A, with Group B in between. This 343 could be due to direct or indirect actions of PG. In the current study one could consider the DF that ovulated around Day 0 to be representative of 356 a 'final wave' DF, although it is recognised that this follicle did not occur in a natural, 357 uncontrolled oestrous cycle, but rather in one where both follicle and CL development were Figure 1 ) probably precluded exposure to surge levels of LH. In contrast, the 382 'final-wave' DF that gave rise to a Day 6 CL (Group A) will probably have been 'older' and 383 larger at the point of ovulation, and almost certainly would have been exposed to higher levels of 384 LH; although these parameters were not determined. Therefore, whilst molecular features of 385 Group C relative to Group A DFs (discussed later) provide important information on factors 386 regulating subsequent CL function, they probably don't represent the complete picture. 388 The reduced capacity of induced (Group B) CLs to produce P4 is consistent with the reduced 389 expression of STAR and HSD3B1 observed (Table 4 ). Reduced expression of transcripts for 390 IGFBP4 and increased expression of transcripts for IGFBP5 in Group C (regressing), relative to 391 Group A (developing), CLs is consistent with earlier reports of CL demise following PGF 2α 392 induced luteolysis in cattle (Neuvians et al., 2003) and sheep (Hastie and Haresign, 2006) .
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IGF2R and IGFBP2 expression in supplementary abattoir ovaries
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Molecular basis of luteal support and steroidogenesis
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Whereas IGFBP4 generally inhibits IGF action, IGFBP5 is known to have both IGF-dependent 394 and independent effects, but generally is associated with growth arrest and apoptosis (Kelley et 395 al., 1996; Monget et al., 1998) . What's interesting in the current study is that transcript expression 396 for these two binding proteins in Group B CLs more closely matches that of Group C than Group 397 A CLs which, when considered with the P4 data in Table 2 , lends further support to the 398 functional inadequacy of these induced CLs. Closer inspection of Table 4 data, however, 399 indicates that there are numerous molecular differences between Group B and C CLs, not least of 400 which is transcript expression for steroidogenic enzymes and key cytokines, indicating that whilst 401 these CLs may be developmentally compromised, they nevertheless retained some residual 402 function.
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VEGFA is a potent mitogen that promotes the growth, migration and permeability of vascular in the current study (Table 4 ) and by Guzman et al. (2014) . This latter study also demonstrated 407 that there are both pro-and anti-angiogenic isoforms of VEGFA in the bovine CL, and that 408 immediately prior to luteolysis there is an increase in anti-angiogenic isoforms. With respect to 409 the various isoforms identified by Guzman et al (2014), we can deduce from the primers designed 410 for the current study that we amplified the single isoform 205; which has only been described as , 2005; Minegishi et al., 2007) . Primer design in the current study (Table 1) 422 allowed us to confirm expression of LHCGR transcripts lacking exons 3 and 9, but we were 423 unable to detect transcripts lacking exon 10 in any of the somatic (i.e. granulosa, thecal and 424 luteal) cells studied in the ovary. Relative to CLs from Group A (formed from 'final-wave' DFs), 425 expression of all LHCGR variants was reduced in CLs from Group B (derived from first-wave 426 DFs), and was barely detectable in regressing CLs (Group C) ( In the current study Group C DFs were more oestrogenic than Group A DFs (Table 2B) , but 433 transcript expression for ESR2, three steroidogenic enzymes (CYP11A1, HSD3B1 and CYP19A1), 434 and subunits for inhibin-A and activin-A were decreased (Table 3A) , 1994; Funston et al., 1996) . However, in contrast to previous work, the current study 448 compared DFs of equivalent size but at different stages of the oestrous cycle. Furthermore, it is 449 noteworthy that (i) follicles were harvested in both luteal and early follicular phases, and (ii) 450 E2:P4 ratios were only slightly greater for Group C than Group A DFs (Table 2B ) and were 451 similar for abattoir derived early luteal-and early follicular-phase DFs (1.27 ± 0.96 vs 2.2 ± 1.50 452 respectively). Western blot analyses also revealed proteolytic fragments of IGFBP2 in early 453 follicular-phase DFs (data not shown), suggesting initial stages of degradation at the onset of this 454 oestrogen-dominated period. Collectively, these data suggest the presence of an active IGF The foregoing discussion focused on differences in functional competency and transcript 459 expression of CLs derived following induced and spontaneous ovulations, together with 460 differences in transcript expression of DFs that give rise to these structures. This study confirms 461 that induced ovulation of a first-wave DF results in the formation of a smaller CL with 462 functionally lower P4 production than one formed following spontaneous ovulation. Furthermore, 463 these smaller induced CLs were characterised as having reduced expression of transcripts 464 required for luteal support, angiogenesis and steroidogenesis, together with increased expression 465 of transcripts associated with luteolysis. Importantly, these differences in CL function were not 466 related to size of the ovulated DF, but were associated with their steroidogenic activity.
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Transcript expression differed between first-and final-wave DFs, and was associated with 468 peripheral and local levels of P4 and components of the IGF system. These data indicate that 469 these separate follicular systems interact to affect maturation of the ovulatory follicle transiting 470 from di-oestrus to pro-oestrus in a manner that subsequently alters the functional competency of 471 the CL. Animals were synchronised (see Figure 1 ) then Group A animals slaughtered at Day 6 (after 10 initial synchronised ovulation); Group B animals were induced to ovulate on Day 7 and 11 slaughtered on Day 13; Group C animals were slaughtered on Day 19. Plasma IGF1 12 concentrations were lower (P = 0.001) in Group A than in Group B and C animals. 
Supplementary Materials and Results
To develop the GeXP platform for our study, RNA was extracted from a mixture of cells (i.e. aspirated and scrapped bovine follicles of varying size, plus sonicated CL tissue). These mixed cell populations included oocytes. This phase of the study concerned GeXP primer design. All genes in the master list (Table 1 of manuscript) were detected.
For GeXP validation, ESR2 and HIF1A were chosen at random and quantified by quantitative, real time PCR (qRT-PCR) and by GeXP. Granulosa cells were collected from a selection of 10-14 mm diameter, abattoir derived bovine dominant follicles. 12µl of mRNA, extracted and purified as described in the materials and methods, was denatured at 70 o C for 10 minutes using a thermal cycler (BioRad, Hemel-Hempstead, Hertfordshire, UK Figure 1) so confirming GeXP as a suitable method for the quantification of gene expression.
Genes not expressed in experimental cells
Transcripts for all genes described in Table 1 of the manuscript (including those listed below) were expressed in a mixed population of cells during GeXP platform development. These cells were harvested from a mixed sample of abattoir derived CLs and follicles at various antral-stages of development (from 2 mm in diameter). Below we describe expression patterns and functions for those genes not detected in our experimental granulosa, theca and luteal cells. In some cases this may have arisen as a consequence of primer design and splice variant expression, because bovine variants for these genes are poorly described in the literature.
AMH:
Important during pre-antral follicle development, regulating both the transition from primordial to primary follicle stages, and the response to FSH (Knight and Glister, 2006) . Transcript expression for AMH is restricted to granulosa cells (Vigier et al., 1984; Takahashi et al., 1986) and declines beyond the early antral stages of follicle development, and is further reduced in granulosa cells from atretic follicles (Rico et al., 2009 explain why we did not detect AMH transcripts in selected somatic cells of the bovine ovary in the current study.
BMP6: Expressed and active in bovine granulosa and thecal cells at least up to approximately 6 mm in diameter where it can attenuate the actions of both FSH and forskolin in vitro (Kayani et al., 2009; Glister et al., 2013) . BMP6 mRNA is lost during selection of the dominant follicle in the rat (Erickson and Shimasaki, 2003) , although transcripts for this transforming growth factorbeta superfamily member have been detected within the bovine CL (Kayani et al., 2009 ) and follicle up to 18 mm in diameter (Glister et al., 2010) . Established actions of BMP6 on bovine ovarian follicular cells have largely been confined to in vitro culture with cells from follicles < 6 mm in diameter. Inability to detect transcripts for BMP6 in the current study could have been due to low expression, especially in granulosa cells (Glister et al., 2010) .
FGF1:
Transcripts for this fibroblast growth factor have previously been reported in theca and granulosa cells from antral (5 to 14 mm) follicles derived from abattoir recovered bovine ovaries (Berisha et al., 2004) . Expression was relatively greater in theca than granulosa cells in that study and did not vary significantly between follicle size classes. FGF1 is generally known to exert mitogenic, anti-apoptotic and angiogenic effects in a variety of tissues. In cultured bovine granulosa cells (harvested from 2-5 mm follicles) FGF1 increased expression of Sprouty family members (SPRY2 and SPRY4), as well as orphan nuclear receptors (NR4A1 and NR4A3), thereby confirming functional activity in these cells (Jiang and Price, 2012) . Inability to detect transcripts for FGF1 in the current study could have also been due to low expression, again especially in granulosa cells.
IL6 and IL2:
Interleukin-6 is a pro-inflammatory cytokine involved in a variety of roles (including anti-apoptotic) within the ovary associated with ovulation, CL formation and demise (Bornstein et al., 2004; Richards et al., 2008) . IL6 is produced predominantly by macrophages and activated T cells within the CL, particularly during luteolysis. IL6 mRNA expression is often barely detectable in the CL, with inhibition stemming from locally produced progesterone (Telleria et al., 1998) . Similarly, Petroff et al. (1999) failed to detect transcripts for IL2 in the bovine CL at various stages of the luteal phase. However, interleukins are inducible. For example, exposure of bovine granulosa cells to lipopolysaccharide led to a rapid and sustained increase in transcripts for IL6 in cultured bovine granulosa cells (Bromfield and Sheldon, 2011) . It's possible that the necessary conditions for induction may have been absent in our cells. Supplementary Figure 2 LHCGR transcripts, control genes (GAPDH, H2AZ and RPLP0) and internal standard (Kan r ) peaks detected using GeXP in granulosa cells from a sample of abattoir derived early luteal dominant follicles (A). Smaller fragments of the LHCGR with missing exons (indicated in brackets) were identified alongside three complete fragments (B) (not to scale). Figure 3 . Relationships between ovulatory dominant follicle (DF) and 6-day old corpus luteum (CL) diameter (A), and CL diameter and progesterone (P4) synthesis (B). All DFs were scanned on experimental Day -1 (•) and the resulting CL were measured on experimental Day 6 by ultrasonography (Groups B and C) or following dissection (Group A). DFs present in Group B were scanned on experimental Day 6 (○) and the resultant CL measured following dissection on experimental Day 13. Day -1 DFs were positively correlated (r = 0.63; P = 0.001) with Day 6 CL diameter, whereas Day 6 DFs were not significantly correlated with Day 13 CL diameter. There was no significant difference in mean diameter between Day -1 and Day 6 DFs (13.4 vs 12.0 mm; P = 0.09). There was no relationship (r = 0.17; NS) between CL diameter and P4 synthesis for either Group A or B treatments. Figure 4 . Ovarian follicular growth and plasma progesterone (P4) concentrations (ng/ml) in eight Group C Hereford x Holstein heifers following synchronised oestrus (ovulation occurred between 11 am on Day -1 and 11 am on Day +1), as determined by trans-rectal ultrasonography. 
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